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We describe our studies of the generation of plasma wake fields by a relativistic electron bunch
and of phasing between the longitudinal and transverse fields in the wake. The leading edge of the
electron bunch excites a high-amplitude plasma wake inside the overdense plasma column, and the
acceleration and focusing wake fields are probed by the bunch tail. By monitoring the dependence of
the acceleration upon the plasma’s density, we approached the beam-matching condition and achieved
an energy gain of 0.6 MeV over the 17 mm plasma length, corresponding to an average acceleration
gradient of 35 MeV/m. Wake-induced modulation in energy and angular divergence of the electron
bunch are mapped within a wide range of plasma density. We confirm a theoretical prediction about the
phase offset between the accelerating and focusing components of plasma wake.
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Plasma-based accelerator schemes use laser (LWFAs)
or electron beams (PWFAs) to drive plasma waves that
induce ultrahigh acceleration gradients not achievable
with conventional radio-frequency accelerators. The
PWFA mechanism [1] uses a highly relativistic electron
beam propagating in plasma to excite a large amplitude
wake field that can accelerate a second trailing electron
bunch to high energy. Recognizing that precise control of
the transverse dynamics of an accelerating beam is cru-
cial for reaching the necessary high luminosity in an
accelerator, features of the motion of transverse particles
have attracted considerable interest.

A fundamental feature of wake field acceleration is the
phase offset between the longitudinal and radial forces in
the wake. This statement follows from the Panofski-
Wenzel theorem [2] that relates these forces by the equa-
tion

GEZ _ a(Er - Ba)

ar ¢ M

where ¢ = (k,z — w,t). For a linear regime, these forces
take a simple analytical form

E_ x cos§, E, — By = rsing, 2)
implying that there is a p/2 phase offset between the
longitudinal and radial fields. Thus, attaining stable ac-
celeration in the plasma’s wake field requires precisely
placing the accelerated particles in the relatively narrow
window within the wake, where both acceleration and
focusing are maintained simultaneously.

In Experiment E157 at SLAC, a change in plasma

focusing was observed along the bunch, using an exter-
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nally imposed energy chirp [3,4]. Yet, although this find-
ing was fundamentally important, the phasing between
the accelerating and focusing components in the wake
field lacked empirical verification. Our study provides the
first observation of such phase correlation in the linear
overdense regime, n, >> n,. This regime fosters a
simplified analytical treatment, yet still offers the maxi-
mum accelerating fields for technically achievable bunch
charges, provided that the resonance condition between
the plasma and electron bunch is attained. We will show
that our experiment met this condition.

The PWFA experiment, set in beam line 1 of the
Brookhaven Accelerator Test Facility, used as a plasma
source a 60-MeV electron beam produced by a photo-
cathode rf electron gun followed by rf linac and a capil-
lary electrical discharge. The plasma source is described
in detail elsewhere [5]. The polypropylene capillary was
17 mm long with an inner diameter of 1 mm. It was
mounted on a combination of translation and tilt manip-
ulators to align the capillary along the path of the elec-
tron beam. The electron density of the highly ionized
carbon-hydrogen plasma, produced by applying a 20-
kV voltage pulse to the capillary’s electrodes, reached
n, ~5 X 10'7 em3. Off-line optical interferometry [6],
MHD simulations, and measurements of the CO, laser-
energy absorption confirmed this number. Lower density
levels can be obtained easily in the afterglow plasma after
terminating the discharge.

The E, = 60 MeV, 300 pC, 1.5 ps (rms) long electron
beam was focused to an rms spot size of o, ~ 100 um
in the capillary discharge by upstream quadrupole
triplet magnets. Because of ballistic compression in the
linac, the electron beam is not Gaussian in time. It has a
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FIG. 1 (color). Schematic diagram of the plasma and electron
beam interaction experiment.

fast-rising leading edge with an rms size of about o, =
0.5 ps that carries a charge of approximately Q >
100 pC; this is followed by a tail of ~1.5 ps (rms) [7].

The electron beam’s parameters, alignment, and tim-
ing with respect to the capillary discharge were observed
with electron-beam profile monitors (BPM) located be-
fore and after the plasma source, a strip-line monitor, and
a Faraday cup. The primary diagnostic used was a high-
resolution electron spectrometer located after the inter-
action cell, composed of a quadrupole magnet, a 90°
dipole, and a phosphor BPM. The spectrometer chromati-
cally focuses the beamlets in the bend plane, and maps
the angular distribution of electrons on the perpendicular
axis. Figure 1 is a schema of the experiment and illus-
trates this feature of the spectrometer.

We recorded a sequence of spectrometer images at
variable time delays after the electrical discharge that
generates the plasma. The spectrometer shows that the
electron beam passing the plasma column acquires energy
modulation, caused by the plasma wake driven by the
leading head of the bunch. The amplitude of the acquired
electron-energy spread evolves with the time delay, pass-
ing a maximum at Az = 2 us, as shown in Fig. 2. At this
time, the decaying plasma density achieves resonance
with the head of the electron bunch, maximizing the
wake’s amplitude.

In addition to the spectrometer measurements, we
took beam-profile images in the straight-ahead screen
with the magnets turned off. They show a uniform radial
divergence (not illustrated in this paper). Thus, we con-
firm that the spectrometer’s energy axis is dominated by
the change in energy, and not by divergence or hose
instability.

The resonance dependence of the wake’s amplitude

= 2e [mne
upon the parameter k,o,, where k, =3¢ /7= is the

plasma wave number, is described by the formulea [8]
EZ o (kpa-z)2 exp[_(kpa-z)z/4]- (3)

Equation (3) reaches a maximum at the resonance
condition k,o, ~ V2 that, for o, = 0.5 ps, corresponds
to the plasma density n, ~ 3.6 X 10'® cm~3. Applying
Eq. (3) to the experimental curve on Fig. 2 gives us the
time evolution of the average plasma density in the
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FIG. 2 (color). The measured electron energy spread as a
function of time delay after the termination of the discharge.

plasma column. A zero time delay corresponds to 500 ns
after triggering the discharge that lasts about 300 ns. Our
measurements are taken when there is no discharge cur-
rent. We see then that the exponential curve shown in Fig. 3
approximates well to the points obtained by translating
the experimental data from Fig. 2 using Eq. (3). The
prime cause for the exponential decay of the plasma is
its hydrodynamic expansion through the capillary open-
ings [9]. Systematic deviation of the experimental points
from the exponential curve at small time delays, At <
2 us, can be similarly explained by plasma depletion near
these openings. We can expect that during the decay of
the plasma, the matching condition is first met at the
peripheral regions of the capillary. Later, the plasma
density reaches the resonance in the central region of
the capillary, but drops below it at the ends. Evidently,
this process smooths the net energy gain as compared to
Eq. (3), and adds to the validity of the exponential density
dependence over the whole delay range.

The measured maximum acceleration AE, = 0.6 MeV
that we achieved in our experiment is equivalent to a
gradient of ~35 MeV/m over the 17-mm plasma length,
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FIG. 3 (color). Calculated plasma density as a function of
time delay after the termination of the discharge.
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assuming that the wake field is uniform along the plasma
channel. In fact, due to the longitudinal nonuniformity of
the plasma density, discussed above, the actual peak
acceleration gradient is even higher.

The maximum acceleration gradient in the overdense
regime n, > n,, where n, = 10 cm™3 is the average
electron density in the bunch, can be estimated by the
formula [10,11]

eEM =~ 150[MeV/m]Q[nC]/a?[ps]. 4)

Substituting the driver parameters into Eq. (4), we
obtain eEM™* = 60 MeV/m, a value that is in the right
range to compare with the experimentally measured
number.

Figure 4 illustrates typical patterns of the electron
beams observed on the spectrometer’s screen. The energy
distribution in the beam is shown along the horizontal
axis. The transverse size of the beam on the screen is
defined by the electron beam’s angular divergence at the
exit of the capillary.

Figure 4(a) demonstrates the initial energy and angular
distribution in the beam passing the capillary without a
plasma discharge. Its horizontal width is a combination of
the intrinsic energy spread and the spectrometer’s resolu-
tion. The transverse shape defined by the electron beam’s
angular divergence after the focal point of the quadru-
pole lens is at least an order of magnitude above the
natural divergence of the electron beam due to intrinsic
emittance.

A sample image Fig. 4(b), obtained at Ar =3 us,
illustrates the typical energy modulation and focusing/
defocusing effects produced by the beam’s interaction
with the plasma. We see that the distribution of the elec-
tron bunch exhibits strong energy modulation with two
distinctive maxima, in the accelerated and decelerated
portions of the electron ensemble. We notice also signifi-

(2) (b)

FIG. 4 (color). Spectrometer images, showing intensity in a
combined false-color and contour plot. Energy is shown on
the horizontal axis and transverse size in the vertical axis:
(a) plasma off, (b) plasma on, At =3 us.
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cant focusing and defocusing effects in the beam that are
energy dependent.

The ‘““double-hump” feature in the spectrum is char-
acteristic of the sinusoidal-like modulation of electron
energy in the plasma wave where a relatively high pro-
portion of the electron population is concentrated at the
maximum and minimum of the sinusoidal curve. This is
the first time that such highly visible double humps have
been obtained in a PWFA experiment; they indicate the
uniformity of the wake field within the electron bunch.

The maximum angle of the dynamic focusing/defocus-
ing of the electron beam in the plasma is 10 mrad, as
measured on the spectrometer screen. This number agrees
with a simple estimate

AE, 2
E, k,o,

a =

(&)

based on calculation of the radial momentum being pro-
portional to the longitudinal acceleration AE,.

We analyze Fig. 4 by studying the transverse distribu-
tion of small intervals in the energy coordinate, referring
to them as slices in energy. For the sake of clarity
of presentation, the energy slices are denoted with a phase
V¥, assuming a sinusoidal energy modulation with a
maximum acceleration at ¥ = 90°. The analysis of
longitudinally sliced transverse distributions reveals an
interesting tendency. The transverse profile of an
energy interval (slice) taken close to the maximum- and
minimum-energy extremes can be approximated well
by a single Gaussian curve compatible in width to the
initial (no plasma) image [see Fig. 5(a)]. Distributions
taken from intermediate energy slices fit into the
double-Gaussian approximation. For example, the slice
at W = —45° [see Fig. 5(b)] contains two overlapping,
focused and defocused Gaussian distributions, with rela-
tive amplitudes 2:1 and oy = 0.8 mm, op =2 mm,
correspondingly.

This initially puzzling double-Gaussian structure be-
comes understandable by applying a simple graphic illus-
tration in Fig. 6 that shows the longitudinal and radial
fields as sin(w,f) and cos(w,t) plots [see Eq. (2)].
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FIG. 5 (color). Sample energy slices from the spectrometer
image Fig. 4(a) showing the best Gaussian fitting.
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FIG. 6 (color). Expected phasing of longitudinal and trans-
verse wake forces induced by the bunch, and experimental
points reconstructed from the energy slices using double-
Gaussian fit.

Evidently, the radial field crosses the zero axis at phases
that correspond to a maximum or minimum of the lon-
gitudinal field. This confirms the first observation that the
maximum and minimum energy slices closely reproduce
the initial single Gaussian distribution obtained on the
spectrometer without plasma. At any intermediate am-
plitude of the longitudinal field, we can identify two
phases of the radial field where the polarity is different.
This explains the observation of focused and defocused
beamlets for each energy slice (double-Gaussian distribu-
tions) combined at different amplitudes due to the beam’s
time-varying density.

The experimental data points in Fig. 6 are recon-
structed from the double-Gaussian approximations ap-
plied to the sliced energy distributions. Estimating the
magnitude of focusing and defocusing for each energy
slice, we can account for the known dynamic modulation
of the electron emittance over the bunch length [12], and
the variation in the density of the plasma electrons along
the bunch [3] unrelated to the focusing induced by the
wake’s accelerating field. We eliminate this trend in the
input beam’s divergence by calculating a floating initial
divergence & = (o + op)/2 for each energy slice. This
assumes there is symmetrical focusing and defocusing
around the initial divergence. Undoubtedly, such analysis
may be affected by beam loading that distorts and de-
pletes the wake’s amplitude and by the fact that o and
op represent different slices spaced in time (up to 1/3 of
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the plasma period in our measurements). Still, the
normalized data points *(o, — @)/7 on Fig. 6 fit sur-
prisingly well into the expected sinusoidal variation con-
firming our initial assumption about the 77/2 phase shift
between the longitudinal and radial components of the
wake field.

To summarize, our study shows that the electron focus-
ing in the plasma wake field is amplitude correlated to the
accelerating field. Furthermore, it provides evidence that
the phase offset between the longitudinal and transverse
components of the wake field is 7/2, the same as in
conventional rf accelerators. The conclusion is that accel-
erators of the plasma wake field would allow a certain
phase range to provide both for accelerating and trans-
verse focusing of the particle beams.

Future plans include using the microbunched beam at a
10.6 um period to enhance excitation of the wake by the
electron beam, and to improve plasma diagnostics includ-
ing the interferometer technique.
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